Introduction
Luminescent Cu(I) complexes have attracted increasing attention recently as alternative candidates for photofunctional noble metal complexes such as photosensitizers for solar energy conversion [1, 2] , luminescence-based sensor materials [3, 4] , luminescent materials for organic light-emitting diodes [5] [6] [7] [8] , and luminescent probes of biological systems [9] because they are highly-efficient and inexpensive. In addition, the characteristic emission properties of 3d metal complexes are also interesting. For example, highly luminescent Cu(I) complexes often exhibit thermally activated delayed fluorescence (TADF) from the singlet metal-to-ligand charge transfer emitters for use in OLEDs [12] . The triplet state of Cu(I) complexes can have longer lifetimes than structures section), which are named as 2-I- and 2-I-. The preparation of 2-I- is described below.
[CuCl(PPh 3 ) 2 
Luminescence measurements
The luminescence spectrum of each sample was measured using a JASCO FR-6600 spectrofluorometer at room temperature. The luminescence quantum yield was recorded on a
Hamamatsu Photonics C9920-02 absolute photoluminescence quantum yield measurement system equipped with an integrating sphere apparatus and 150-W CW xenon light source. An A10095-03
non-luminescent quartz sample holder (Hamamatsu Photonics) was used for the absolute photoluminescence quantum yield measurement in air. The accuracy of the instrument was confirmed by the measurement of the quantum yield of anthracene in ethanol solution (0.27) [22] .
Emission lifetime measurements were conducted by using a Hamamatsu Photonics C4334 system equipped with a streak camera as a photo detector and a nitrogen laser as an excitation light source ( ex = 337 nm). A liquid N 2 cryostat (Optistat-DN optical Dewar and ITC-503 temperature controller, Oxford Instruments) was used to control the sample temperature.
The emission decays were analyzed using two exponentials, i.e., I = A 1 exp(t/ 1 ) + A 2 exp(t/ 2 ), where  1 and  2 are the lifetimes, and A 1 and A 2 are the pre-exponential factors. For the determination of the radiative and non-radiative rate constants, we used the averaged lifetimes ( av ), which were estimated based on equation (1) for the two exponential decay components [23] :
(1)
Single-crystal X-ray diffraction measurements
All single-crystal X-ray diffraction measurements were conducted using a Rigaku Mercury CCD diffractometer with graphite monochromated Mo K radiation ( = 0.71069 Å) and a rotating anode generator. Each single-crystal was mounted on a MicroMount using paraffin oil. The crystal was then cooled using a N 2 -flow type temperature controller. Diffraction data were collected and processed using the CrystalClear software [24] . Structures were solved by the direct method using SIR-2004 [25] . Structural refinements were conducted by the full-matrix least-squares method using SHELXL-97 [26] . Non-hydrogen atoms were refined anisotropically, and hydrogen atoms were refined using the riding model. All calculations were conducted using the Crystal Structure crystallographic software package [27] . Crystallographic data obtained for each complex are summarized in Table 1 .
Characterization measurements
The 1 H NMR spectrum of each sample was measured using a JEOL EX-270 NMR spectrometer at room temperature. Elemental analysis was conducted at the analysis center at Hokkaido University.
Theoretical calculations
DFT calculations were performed with the B3LYP functional [28, 29] and the LANL2DZ basis [30] [31] set using Gaussian 03 [32] for 1-Cl, 1-Br, 2-Cl, 2-Br, 2-I-, 3-Cl, and 3-Br. As for the calculations of 1-I, 2-I-, and 3-I, we have already reported the results using the same functional and basis set [14] . The atomic coordinates determined for the individual molecular structures by X-ray crystallographic analysis were used for the DFT calculations. The drawing of molecular orbitals for the complexes were made using Avogadro 1.10 [33] .
Results and discussion

Crystal structures
Figures 1 and 2 show the molecular structures of 2-X and 3-X (X = Cl − , Br
Crystal structures of 1-X prepared herein were identical to those reported by Engelhardt et al. [21] .
All complexes adopt a tetrahedral coordination geometry occupied by one halide, one N atom of the N-heteroaromatic ligand, and two P atoms of the PPh 3 ligands. Selected bond lengths and angles around the copper(I) atom of 2-X and 3-X are listed in Table 2 Figure 3 shows the emission spectra of 1-X at 298 K and 77 K in the crystals, and the photophysical parameters of 1-X are summarized in Table 3 . Complexes 1-X exhibit blue-green light emissions when they are excited with UV light, and the emission maxima at 298 K were observed at 498, 483, and 485 nm for 1-Cl, 1-Br, and 1-I, respectively. All spectra of 1-X at both 298 and 77 K are broad without vibronic progressions, indicating that the emissive excited states have a 11 charge-transfer character in this temperature range. Each emission spectrum measured at 77 K shifted to lower energies by ca. 540−850 cm −1 than the corresponding spectrum measured at 298 K.
Emission properties
Interestingly, the luminescence quantum yields of 1-X in crystals were found to be extremely high (0.98, 0.95, and 0.99 for 1-Cl, 1-Br, and 1-I, respectively) although the measurements in solution were difficult because of the ligand-dissociation and/or the dimerization as usual for mononuclear Cu(I) complexes [13] . The emission lifetimes of complexes 1-X in the crystals were estimated to be in the range from several microseconds to several tens of microseconds by least-square fitting of the emission decays (see Experimental). These emission properties of complexes 1-X are similar to those of [CuX(PPh 3 ) 2 (4-Mepy)] whose emission properties were characterized as delayed fluorescence at room temperature [13] . Therefore, the luminescence of complexes 1-X could have a similar origin. The different radiative rate constants (k r ) at 298 K and 77 K, k r values at 298 K are several times larger than that at 77 K, suggest that luminescence of 1-X may be assigned to delayed fluorescence at room temperature.
To clarify the emission properties in detail, the temperature dependence of the emission lifetimes of complexes 1-X were investigated. As shown in Figure 4 , the lifetimes of complexes 1-X changed gradually in the low-temperature region. However, a sharp decrease in the lifetime was observed with increasing temperature above 170 K. Assuming a two-state model involving the lowest excited singlet state (S 1 ) and the lowest excited triplet state (T 1 ), the observed lifetime can be expressed as a Boltzmann average by using equation (2) [11, [34] [35] [36] .
where E is the energy difference between the singlet and triplet states,  S1 and  T1 are the lifetimes of S 1 (fluorescence) and T 1 (phosphorescence) states, R is the ideal gas constant, and T is the absolute temperature. In this two-state model analysis, the average lifetime was used instead of  obs ,
i.e.,  obs =  av . The corresponding fitting parameters are listed in parameters, singlet components of luminescence (I(S 1 )/I total ) can be estimated by using equation (3) [35].
where,  S1 and  T1 are luminescence quantum yields of the singlet and triplet states. As noted above, the k r at 298 K and 77 K and lifetime analysis of complexes 1-X revealed that the emissive states of complexes 1-X at 298 K are mainly singlet states and those at 77 K are triplet states, therefore we approximate  S1 and  T1 by  at 298 K and 77 K, respectively. As a result, the estimated singlet components at 298 K are 57, 53, and 80% for 1-Cl, 1-Br, and 1-I, respectively (Table 4) . While the emission of 1-I is mainly from the singlet state at 298 K, the singlet components of emission from One additional characteristic found for 3-X is the trend of the emission quantum yield decreases drastically in the order of 3-I, 3-Br, and 3-Cl (0.77, 0.44, and 0.16, respectively), which may be explained by the energy gap law [37, 38] . As shown in Figure 7 , the plots of ln(k nr ) vs. wavenumber at the emission maxima roughly exhibit a linear relation. The decrease in emission quantum efficiency with decreasing emission energy is interesting since competing nonradiative processes become more relevant (vide infra). The lower luminescence quantum yields at 77 K (0.08 for 3-Cl, 0.25 for 3-Br, and 0.63 for 3-I) compared with those at 298 K suggest that the emissive states at room temperature and low temperature are different as in the case of 1-X.
As shown in Figure 8 , a two-state analysis of the temperature dependence of averaged emission lifetime for 3-X is presented in the same way as that described for 1-X. The results for 3-X as well as 1-X are summarized in Table 4 . The E values (550-710 cm −1 ) for 3-X are roughly consistent with the spectral shifts of ~1000 cm 1 between 298 and 77 K, which indicates the two-state model is reasonable for this temperature region. The luminescent singlet components of 3-X were estimated to be 93-94% at 298 K by using equation (3), which indicates 3-X emit mainly from the singlet state at room temperature.
Luminescence mechanism
Scheme 2 shows the schematic energy level diagram of complexes 1-X3-X. For 1-X, the 1 (M+X)LCT state is easily thermally accessible from the 3 (M+X)LCT emissive state at room temperature because the E between these states is small. However, the luminescent singlet components of 1-X are only 53-80%. This is probably due to the large phosphorescent rate constant of 1-X, thus the delayed fluorescent process competes with the phosphorescent process. Therefore, Tables   Table 1. Crystal parameters and refinement data. [14] 2-I- Table 3 . Luminescence properties of complexes 1-X, 2-X, and 3-X in the crystals at 298 K and 77 K. 
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